Abstract The aim of this study was to assess the diversity and composition of fungal communities in damaged and undamaged shoots of Norway spruce (Picea abies) following recent invasion of the spruce bud scale (Physokermes piceae) in Lithuania. Sampling was done in July 2013 and included 50 random lateral shoots from ten random trees in each of five visually undamaged and five damaged 40-50-year-old pure stands of P. abies. DNA was isolated from 500 individual shoots, subjected to amplification of the internal transcribed spacer of fungal ribosomal DNA (ITS rDNA), barcoded and sequenced. Clustering of 149,426 high-quality sequences resulted in 1193 non-singleton contigs of which 1039 (87.1 %) were fungal. In total, there were 893 fungal taxa in damaged shoots and 608 taxa in undamaged shoots (p<0.0001). Furthermore, 431 (41.5 %) fungal taxa were exclusively in damaged shoots, 146 (14.0 %) were exclusively in undamaged shoots, and 462 (44.5 %) were common to both types of samples. Correspondence analysis showed that study sites representing damaged and undamaged shoots were separated from each other, indicating that in these fungal communities, these were largely different and, therefore, heavily affected by P. piceae. In conclusion, the results demonstrated that invasive alien tree pests may have a profound effect on fungal mycobiota associated with the phyllosphere of P. abies, and therefore, in addition to their direct negative effect owing physical damage of the tissue, they may also indirectly determine health, sustainability and, ultimately, distribution of the forest tree species.
Introduction
Norway spruce (Picea abies) is one of the dominant tree species distributed in a larger part of the north temperate and boreal forests of Europe and, therefore, is of tremendous socio-economic importance [33] . It appears that the climate has been the major determinant of the distributional limits of the tree species, and these limits track climate change so closely that even short-term climatic variation can lead to significant range adjustments with consequences for practical forestry and society [39] . The recent observations suggest that the range limit of P. abies has begun to change more rapidly than in the past, and a further projection predicts its range expansion in the north and much greater contraction in the south of the present limit [3] . Climate change can affect forests directly (storms, droughts and high temperatures) and indirectly (fires, attacks by herbivores, insects and diseases) even though the physiological mechanism for the climatic control of P. abies is not totally understood [37] .
Fungi represent the largest microbial component associated with the living trees and may influence diverse physiological processes, including tree diseases and their biological control, and functioning of endophytic and epiphytic symbioses in the phyllosphere. Although fungi play key roles in forest Electronic supplementary material The online version of this article (doi:10.1007/s00248-015-0638-z) contains supplementary material, which is available to authorized users. ecosystems including carbon, nutrient and water cycles and may determine forest health and sustainability, the lack of knowledge on their biodiversity, function and adaptation mechanisms to different environmental conditions is a great drawback in the future projections about the consequences of climate change. Another important issue associated with the climate change is arrival and establishment of new and invasive tree pests and diseases which have been reported at an increasing rate and are predicted to be even more frequent in the future [31, 36] .
One example is a recent arrival and outbreak of the spruce bud scale (Physokermes piceae) which was observed in Lithuania in 2010 resulting in ca. 7700 ha of heavily damaged P. abies stands [8] . Approximately at the same time, P. piceae incidences were also reported from the neighbouring Latvia [23] , indicating a rapid expansion of this pest northwards though, until recently, P. piceae was mainly known from the central and southern regions of Europe including Slovakia [14] , Serbia [9] , Hungary [15] , Romania [16] and Poland [17] . P. piceae (Coccidae, Hemiptera) damages spruce (Picea spp.) trees of all ages by sucking sap of the needles and of young shoots, and not only weakens the trees by causing premature yellowing and needle cast, dieback of small branches and tops but also creates conditions for the parasitic fungus Rhizosphaera kalkhoffii infections, which, through the wounds, infects needles, buds and twigs [2] . In addition, at the feeding sites of P. piceae, the needles are coated with honeydew, on which the sooty mold gets established and prevents photosynthesis and respiration processes and further weakens already damaged trees. Such trees are often attacked by the bark beetles and, in particular, suffer from so-called winter drought when trees lack water for evaporation [2] . Although it appears that ecology of P. piceae and of several fungal taxa is closely associated, the impact of P. piceae on fungal diversity and community composition remains unclear. A recent development of high-throughput sequencing methods [30] provides powerful tools to explore fungal diversity [4] . Such tools enable identification of complex fungal communities and individual community components even at low abundances. Besides, while providing detailed and semiquantitative information, they also enable to study effects of different factors on diversity and composition of fungal communities [21] .
The aim of the present study was to assess diversity and composition of fungal communities in damaged and undamaged needles and shoots of P. abies following attacks of P. piceae by high-throughput sequencing. We hypothesised that fungal diversity and community composition associated with needles and shoots of P. abies are heavily affected by P. piceae and thereby differ in damaged vs. undamaged shoots.
Materials and Methods

Study Sites and Sampling
This study included ten study sites representing five visually undamaged and five heavily damaged 40-50-year-old pure P. abies stands in Lithuania (Fig. 1, Table 1 ). All damaged stands were characterised by a high activity of P. piceae and their typical symptoms of damage (see BIntroduction^) in the canopies. Undamaged stands were stands showing no signs of P. piceae attacks (presence of insects and/or symptoms of damage in the canopies) and were situated at the distance between 200 and 500 m from respective damaged stands (Fig. 1, Table 1 ). Sampling was carried out during first 2 weeks of July 2013. In each stand, ten random trees were selected, and from each tree, five random present-year lateral shoots (ca. 10 cm long) with needles were sampled with secateurs from the lower part (approximately 3-5 m above the ground) of the canopies. By this, 50 shoots were sampled in each forest stand resulting in 500 altogether (Table 1) . Sampled shoots were packed individually into the plastic bags, transported to the laboratory and stored at −20°C.
DNA Isolation, Amplification and Sequencing
Genomic DNA was isolated from 500 individual shoot samples. Prior to isolation of DNA, each shoot with needles was placed in 50-mL centrifugation tubes and freeze-dried at −60°C for 2 days. No surface sterilisation was carried out. Then, shoots were cut into smaller fractions and 1 g (dry weight) of each shoot material was placed into a 2-mL screw-cap centrifugation tube together with glass beads, and homogenised using a FastPrep shaker (Precellys 24; Bertin Technologies, Rockville, MD, USA). Eight hundred m i c r o l i t r e s o f e x t r a c t i o n C TA B b u f f e r ( 3 % cetyltrimethylammonium bromide, 2 mM EDTA, 150 mM Tris-HCl, 2.6 M NaCl, pH 8) was added to each tube and incubated at 65°C for 1 h. After centrifugation, the supernatant was transferred to new 1.5-mL centrifugation tubes and mixed with one volume of chloroform by gentle vortexing. After centrifugation for 8 min at 10,000 rpm, the supernatant was precipitated with two volumes of cold isopropanol, washed with 70 % ethanol and dissolved in 50 μL TE buffer. In addition, isolated DNA was purified using JetQuick DNA Clean-Up System (Genomed, Löhne, Germany). In each sample, a concentration of genomic DNA was determined using a ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Diluted (1-10 ng/μL) genomic DNA samples were amplified separately using the primer pair fITS9 (5′-GAACGCAGCRAAIIGYGA-3′) [13] and ITS4 (5′-xxxxxxxxTCCTCCGCTTATTGATATGC-3′) [40] containing 8-bp sample identification barcodes denoted by x. Using this primer pair, amplified PCR products were estimated to be between 280 and 420 bp in size and to include larger part of the 5.8S ribosomal RNA (rRNA) gene sequences, complete sequences of noncoding internal transcribed spacer 2 (ITS2) rRNA region and partial sequences of the 28S rRNA gene. All the samples collected within the same study site were amplified using ITS4 primer containing the same barcode, which resulted in a total of ten different barcodes each representing different study sites ( Table 1) . The PCR reactions, 50 μL in volume for each shoot sample, were performed using an Applied Biosystems 2720 Thermal Cycler (Applied Biosystems, Carlsbad, CA, USA) using DreamTaq Green DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA). Blanks were run for controls. The PCR cycle parameters consisted of an initial denaturation at 95°C for 2 min, 27 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s, followed by a final extension step at 72°C for 7 min. The PCR products were analysed on 1 % agarose gels (Agarose D1; Conda, Madrid, Spain) under UV using GelDoc™ 2000 gel documentation system (Bio-Rad Laboratories, Berkeley, CA, USA). To purify amplicons, these were precipitated in 1/10 volume of 3 M NaAC and 2 volumes −20°C pure ethanol mixture, vortexed for 10 min, incubated for 20 min at −70°C and centrifuged for 5 min at 13,000 rpm. Supernatant was discarded, and dried pellets were dissolved in 30 μL Milli-Q water. The concentration of purified PCR products was determined using a ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), and an equimolar mix of all PCR products was used for Ion Torrent sequencing. Construction of the sequencing library and sequencing using a 316 chip as a part of the larger sample were carried out by NGI SciLifeLab (Uppsala, Sweden).
Bioinformatics
The sequences generated were subjected to quality control and clustering in the SCATA NGS sequencing pipeline (http:// scata.mykopat.slu.se). Quality filtering of the sequences included the removal of short sequences (<200 bp), sequences with low read quality, primer dimers and homopolymers, which were collapsed to 3 bp before clustering. Sequences that were missing a tag or primer were excluded. The primer and sample tags were then removed from the sequence, but information on the sequence association with the sample was stored as meta-data. The Within each site, the distance between damaged and undamaged stands was between 200 and 500 m sequences were then clustered into different taxa using singlelinkage clustering based on 98.5 % similarity. The most common genotype (real read) for clusters was used to represent each taxon. For clusters containing two sequences, a consensus sequence was produced. The fungal taxa were taxonomically identified using GenBank (NCBI) database and the BLASTN algorithm. The criteria used for identification were as follows: sequence coverage >80 %, similarity to taxon level 98-100 % and similarity to genus level 94-97 %. Sequences not matching these criteria were considered unidentified and were given unique names as shown in Table 2 .
Statistical Analyses
The rarefaction analysis was performed using Analytic Rarefaction v.1.3 available at http://www.uga.edu/strata/software/ index.html. The richness of fungal taxa in P. piceae damaged shoots and in undamaged shoots was compared by nonparametric chi-square tests calculated from the actual number of observations [20] . Differences in the relative abundance (estimated as the number of sequences) of dominant fungal taxa detected in damaged shoots and in undamaged shoots of different study sites were analysed by one-way analysis of variance (ANOVA) and Tukey's test which provides confidence intervals for all pairwise differences between means [5, 7] . The statistics were computed using Minitab statistical software (Minitab® Inc., 2003). Shannon diversity index and quantitative Sorensen similarity index were used to characterise diversity and composition of fungal communities in different study sites [19, 34] . Possible impact of P. piceae on fungal communities in different study sites was analysed using correspondence analysis (CA) in Canoco 4.5 [38] .
Results
A total of 231,407 sequences was generated by Ion Torrent sequencing from the 500 P. abies lateral shoot samples which, by barcoding, were divided into ten pools each representing different study sites (Table 1) . However, 81,981 sequences did not pass quality control and were excluded. Clustering of the remaining 149,426 high-quality sequences (325 bp on average) resulted in 1193 non-singleton contigs and in 3360 singleton contigs which were excluded from the further analyses. Among the non-singletons, 1039 (87.1 %) were representing fungi (representative sequences of all fungal non-singletons are available from GenBank under accession numbers KP897167-KP898205), 145 (12.1 %) plants, 7 (0.6 %) protists and 2 (0.2 %) animals. Total numbers of fungal sequences and of different taxa obtained from each study site are shown in Table 1 . A plot of fungal taxa from P. piceae damaged and undamaged shoots vs. the number of fungal sequences resulted in rarefaction curves that did not reach the asymptote (Fig. 2) , indicating that a potentially higher diversity of taxa could be detected with increased sequencing effort. In this study, the detected fungi were 74.7 % Ascomycota, 24.7 % Basidiomycota, 0.3 % Chytridiomycota and 0.3 % Glomeromycota (Supplementary Table 1 ). The absolute richness of fungal taxa was higher in damaged shoots (893 taxa out of 78,832 sequences) than in undamaged shoots (608 out of 31,541) ( Table 1, Fig. 2) , and the chi-square test showed a Sequence similarity column shows base pairs compared between the query sequence and the reference sequence at NCBI databases, and the percentage of sequence similarity is shown in the parentheses that the richness of taxa between these datasets differed significantly (p<0.0001). Identification at least to genus level was successful for 453 (43.6 %) out of 1039 of fungal taxa. Information on the 30 most common fungal taxa representing 70.3 % of all fungal sequences is shown in Table 2 . Among these, however, 13 taxa representing 34.0 % of fungal sequences could not be identified to taxon or genus level and remained unidentified ( Table 2 ). The most common taxa were unidentified sp. 2168_2 (8.4 %), Phialophora sessilis (6.0 %), unidentified sp. 2168_4 (5.0 %), Setomelanomma sp. 2168_7 (4.3 %) and unidentified sp. 2168_5 (4.2 %) ( Table 2 ). The fungal pathogen R. kalkhoffii (3.5 %) was the seventh most common fungus which, at variable abundances, was detected in all study sites representing both damaged and undamaged shoot samples (Table 2 ). ANOVA analysis showed that among the 30 most common taxa, the abundance of P. sessilis, unidentified sp. 2168_17, Aureobasidium pullulans and Exobasidium bisporum was significantly higher in damaged shoots than in undamaged shoots (p<0.05), while in unidentified sp. 2168_11, it was significantly higher in undamaged shoots than in damaged shoots (p<0.05). The abundance of the remaining 25 most common fungal taxa did not differ significantly between damaged vs. undamaged shoots ( Table 2 ). The remaining 1009 fungal taxa were relatively rare, and their relative abundances varied between 0.002 and 0.6 % (Supplementary Table 1 ). The CA analysis of fungal communities explained 24.2 % variation on axis 1 and 21.1 % variation on axis 2. The CA showed that study sites representing damaged (D1-D5) and undamaged (H1-H5) shoot samples were separated from each other on axis 1 (Fig. 3a) , indicating that in these fungal communities, these were largely different. Among all the taxa, 431 (41.5 %) were exclusively found in damaged shoots, 146 (14.0 %) were exclusively found in undamaged shoots, and 462 (44.5 %) were common to both types of samples (Fig. 3b,  Supplementary Table 1) . Interestingly, fungal taxa detected in both types of samples were more often linked to the damaged shoots than to the undamaged shoots (Fig. 3b) , thereby showing their relatively higher abundances in the shoots damaged by P. piceae. Sorensen index of similarity of fungal communities was moderate and ranged between 0.45 and 0.71 then compared in all combinations among different D sites, between 0.38 and 0.52 compared among different H sites, and between 0.32 and 0.47 compared among different D and H sites. In different study sites, the Shannon diversity index of fungal communities was between 2.9 and 4.2 (Table 1) .
Discussion
The results demonstrated that invasion and outbreak of P. piceae had a profound effect on diversity and composition of fungal communities in needles and shoots of P. abies (Figs. 2 and 3) , thereby supporting the hypothesis. The fungi, which were at higher abundances observed in damaged shoots ( Table 2, Supplementary Table 1) , were likely benefiting from the physical damage of plant tissues and/or were benefiting Table 1 ; b distribution of different fungal taxa: squares indicate taxa exclusively detected in P. abies shoots damaged by P. piceae, circles indicate taxa exclusively detected in undamaged shoots, and crosses indicate taxa detected in both types of samples from the insect-derived honeydew, which, even at low abundances, was shown to have a strong effect on the performance of microorganisms in the phyllosphere of P. abies [24, 35] . For example, it was shown previously that the fungal pathogen R. kalkhoffii readily establishes in plant tissues damaged by P. piceae [2] . In the present study, the abundance of R. kalkhoffii was higher in damaged shoots (3.9 %) than in undamaged shoots (2.5 %) though the difference was not significant (Table 2 ). Scattolin and Montecchio [32] showed that the abundance of R. kalkhoffii on P. abies was negatively correlating with the abundance of Lophodermium piceae, indicating that the latter fungus may act as a biocontrol agent of R. kalkhoffii. In the present study, however, the abundance of L. piceae was relatively low (0.05 %) (Supplementary Table 1), which probably led to predominant establishment of R. kalkhoffii. Among the other dominant fungal taxa, the plant pathogen E. bisporum [41] was significantly more abundant in damaged shoots (1.4 %) than in undamaged shoots (0.3 %) ( Table 2) , thereby taking advantage of the damaged tissues. Interestingly, Apiosporium pinophilum which was shown to preferentially establish on plant parts coated with honeydew and cause black sooty mold [2] was not detected or its ITS rDNA sequences remained unidentified despite the fact that damaged shoots possessed characteristic symptoms of black sooty mold. P. sessilis, which was the second most common fungus, was shown to cause sooty blotch and flyspeck on different tree species [1, 42] . In this study, P. sessilis was significantly more abundant in damaged shoots than in undamaged shoots ( Table 2 ), suggesting that it was one of the fungi causing symptoms of black sooty mold. Although the source of inoculum for such fungi cannot be established, the possibility should not be excluded that P. piceae vectors specific fungal community which may readily get established at the sites of damage. This would not be surprising as insectfungi associations are common in nature [6, 27, 28] . Yet, such information is not available for P. piceae but would be of considerable practical importance as, due to the ongoing climate change, the impact of P. piceae can be expected to be even greater in the future.
Different high-throughput sequencing platforms have their advantages and limitations [29] . In the present study, the use of Ion Torrent sequencing revealed a high diversity of fungi associated with the phyllosphere of P. abies while sample barcoding allowed their assignment to a particular type of samples (damaged and undamaged) as well as to individual study sites (Table 1 ). The detected richness of fungal taxa was 1 or 2 orders of magnitude as compared to similar studies which were based on fungal culturing [18, 25, 26] , showing that such detection methods allow in-depth analysis of fungal communities and challenge our understanding of the global fungal diversity [10, 11] . Shannon diversity index of fungal communities was high in all study sites (Table 1) repeatedly demonstrating a high efficacy of the detection method.
Nevertheless, a large number of detected fungi (also dominant) remained unidentified ( Table 2, Supplementary  Table 1) , showing that the ITS rDNA sequence information available in the public databases is still limited and that a great number of fungal taxa remain to be isolated and described. Such information is essential for taxonomic comparisons and scientific communication among the independent studies as well as recognising patterns of distribution and inferring ecological roles. As a large number of taxa (e.g. obligate biotrophs) are likely to be uncultivable, the development of the sequence-based classification is of key importance in order to recognise such taxa in rapidly growing environmental sequence data [12, 22] .
In conclusion, the results demonstrated that needles and shoots of P. abies are inhabited by diverse communities of fungi and that invasive alien tree pests may have a profound effect on these fungal communities, and therefore, in addition to their direct negative effect owing physical damage of the plant tissue, they may also indirectly determine health, sustainability and, ultimately, distribution of the forest tree species.
